Abstract-Although progress has been made in the development of submillimeter-wave monolithic integrated circuits, the evaluation of these circuits still relies on test fixtures, which makes testing expensive and time consuming. Based on a W-band prototype, a micromachined on-wafer probe covering frequencies 500-750 GHz is built to simplify submillimeter-wave integrated circuits testing. This paper demonstrates the repeatability and the robustness of this terahertz micromachined on-wafer probe.
I. INTRODUCTION
Terahertz frequencies have drawn great scientific interest since early last century. However, due to the cost, size and weight of terahertz systems, the terahertz frequency range remains one of the least tapped regions of the electromagnetic spectrum [1] . To reduce the size, weight and cost of terahertz components, one of the solutions is to fabricate high density integrated circuits. Although progress has been made in the development of submillimeter-wave monolithic integrated circuits (S-MMICs) [2] [3], testing of S-MMICs remains timeconsuming and expensive.
At frequencies below 500GHz, calibrated on-wafer measurements are used to characterize integrated circuits without the use of waveguide test fixtures. Also, calibrated on-wafer measurements can set the measurement reference plane right next to the tested device to achieve more accurate device measurements that can be used to create measurement-based circuit models to facilitate designs. However, on-wafer probes are unavailable above 325 GHz [4] .
A micromachined on-wafer probe has previously been demonstrated at W-band [5] . This probe is based on a microfabrication process that produces circuits on ultra-thin silicon substrates between 15 µm and 3 µm thick [6] . Ultra-thin substrates are chosen to avoid substrate modes at terahertz frequencies. Shown in Fig. 1 , the micromachined probe chip is housed in an E-plane split-waveguide metal-machined block. To contact the probed substrate, the probe chip extends beyond the metal housing by 400 µm and terminates in CPW to form GSG (Ground-Signal-Ground) probe tips.
An important feature of this design is the simple, selfaligning mounting process of the probe chip, which does not require any adhesives. Recesses are milled into the waveguide block with a depth precision of ±3µm. The probe chip drops into these recesses and is subsequently aligned to the block to better than ±5µm precision. To provide mechanical support to the chip as pressure is applied to the probe tip, the silicon substrate is clamped between the housing by compressing electroplated gold on both sides of the substrate. This paper presents the repeatability of the mounting process and the lifetime of the probe. In [5] , two designs were evaluated that couple between waveguide and the probe tips with either a microstrip or a coaxial transmission line. The results presented in this paper reflect the microstrip-based design, but both designs share the same mechanical design, so the coaxial-based design should exhibit similar behavior. 
II. MECHANICAL TEST
The ultra-thin silicon is used as a substrate for the microstrip and as a support for the mechanically active probe tip. When the probe contacts the test wafer, the silicon deflects and generates a force at the contact. The force induced by the probe with respect to the vertical distance the probe traveled can be modeled as a linear spring, K 1 .
The setup shown in Fig. 2 is used to measure the spring constant, K 1 . A test wafer is attached to a load cell (Futek FSH0234) that is used to monitor the contact force. A motordriven stage is used to move the test wafer vertically. As the stage rises, the silicon chip contacts with the wafer and generates force at the contact that is measured by the load cell. During this process, the load cell also deflects and can be modeled as another spring, K 2 . This setup is therefore a series connected two-spring system.
Measuring the contact force with respect to the vertical motion of the stage gives the total spring constant, K total . A linear regression of the measured results are shown in Fig. 3 and give K total = 0.40 ± 0.02 mN/µm.
For the series connected two-spring system,
The spring constant of the load cell, K 2 , is independently measured, using a similar setup, to be 1.07 ± 0.07 mN/µm. Therefore, the spring constant of the probe is K 1 = 0.65 ± 0.08 mN/µm. Previous measurements have shown that a micromachined silicon chip achieves a low contact resistance of 0.07 Ω at 1 mN per tip [5] . However, higher contact force (>3 mN) may be required to ensure that all three tips on the GSG probe simultaneously contact to the CPW probing pads with low resistance, given possible non-planarity of the probe with the Device Under Test (DUT).
To determine the minimum force required for good RF contact, the micromachined probe is connected to a one-port The gold contact pad on the test wafer shorts the CPW probe GSG tips as the stage moves up and the wafer contacts the probe. The phase of the reflection coefficient at Port-I responds to the change in probe tip contact and settles during this process. The contact force where the reflection coefficient settles is defined as the minimum contact force required for RF probing. Test results show that there is a dramatic change in the phase of the measured reflection coefficient when the contact force increases from 0 to 0.2 mN, and as the contact force increases, the reflection coefficient gradually settles. At 15 mN, the phase change in reflection coefficient with respect to contact force is within the phase measurement uncertainty.
III. RF MEASUREMENT A two-tier calibration technique is used to obtain the scattering parameters of the probe. With this method, the network analyzer is initially calibrated to a reference plane coincident with the frequency extension unit test port, using a waveguide short and delayed shorts of four different lengths. Because waveguide loads are generally unavailable in the WR-1.5 band, only waveguide delayed shorts, which can be accurately characterized from their dimensions, are used as calibration standards.
After the first tier in the calibration procedure, the probe is attached to the network analyzer test port. The second-tier calibration is performed by terminating the CPW probe tips with on-wafer calibration standards, a CPW short and four CPW delayed shorts that can also be accurately characterized from their dimensions. During second-tier calibration, a 20 mN contact force is used to ensure any non-planarity is overcome. The reflection coefficient measured at the network analyzer test port, Γ M , is related to the scattering parameters of the probe, S ij , and the reflection coefficient of the CPW short, Γ l , by the bilinear transform, 
By measuring the reflection coefficient of the probe with these on-wafer calibration standards, and noting that the probe is a reciprocal network, the scattering parameters of the probe are obtained. The S-parameters of a micromachined probe obtained by this one-port two-tier calibration method are shown in Fig. 4 .
The insertion loss varies from 8 to 12 dB and the return loss is larger than 10 dB over most of the band from 500 to 750 GHz. The ripple in S 11 is due to a standing wave in the rectangular waveguide. The uncertainty in this measurement is due to positioning error and noise in the network analyzer and can be quantified by the method detailed in [7] . The uncertainty in S 21 is calculated and shown in Fig. 4 .
IV. REPEATABILITY
As shown in Fig. 1 , the probe chip is aligned by the recesses in the waveguide block to within ±5 µm. The fabrication process also introduces probe chip variations across the wafer, especially from misalignment in lithography.
The uncertainty both in chip fabrication and assembly will result in variations in the probe performance. The sensitivity of the probe to the alignment precision is measured by mounting the same probe chip to a waveguide block three times and measuring the corresponding scattering parameters. These measurement results are shown in Fig. 5 . The probe performance changes slightly but within the measurement uncertainty. The return loss at the CPW port (Fig. 5(c) ) is degraded because of slightly oversized pins used in these measurements to align the two halves of the waveguide block.
The probe performance with three different probe chips of the same design is shown in Fig. 6 . The performance variations are due to the uncertainty both in chip fabrication and assembly. Therefore the variations are slightly larger but still within the measurement uncertainty. In these measurements the oversized pins were replaced resulting in better matching at the CPW port (Fig. 6(c) ).
V. RELIABILITY TESTS
The on-wafer probes are designed to skate on the contact pad to break through surface contamination and to ensure a low resistance contact. However, this skating action adds to the wear of the probes. How fast the probes wear depends on factors including contact force as well as probe tip and bond pad materials. The CPW probe tips are fabricated on the ultrathin silicon by plated gold, which is 4µm thick. Most contact pads of submillimeter-wave integrated circuits also use plated gold.
The setup in Fig. 2 is used again to test the lifetime of the micromachined probes. The motor stage is raised up gradually until the contact force reaches 20 mN . Then the motor stage is lowered until the probe and substrate are separated. This completes one contact cycle. The scattering parameters of the micromachined probe are measured initially and after every 1000 contact cycles by a one-port two-tier calibration. The measured results are shown in Fig. 7 . The micromachined probe maintained consistent performance through 5000 contacts and then was found to have degraded upon testing after 6000 contacts.
The images show that in addition to wear, the probe tips accumulate gold debris from the contact pad and that this debris gradually builds up in the gaps between the GSG probe tips. Eventually the accumulated gold debris will cause the probe to fail in a short circuit at the probe tip.
VI. CONCLUSION
The measured results prove the feasibility of a reliable onwafer probe in the terahertz frequency range (500-750 GHz). At 20 mN of contact force, the micromachined probe is capable of more than 5000 contacts with consistent RF performance. This probe will significantly reduce the time and cost of submillimeter-wave monolithic integrated circuits testing. 
